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We describe results from imaging observations of atomic line and continuum emission in the

550.6nm region on Alcator C-Mod. Both the 550.6nm neutral molybdenum emission and

the adjacent 549nm continuum emission are imaged separately to isolate line emission. A

few complications of using imaging to infer erosion in this wavelength region are discussed

including subtraction of continuum emission and determination of an appropriate S/XB

coefficient. Diagnostics of surface erosion and thermography using these emissions are

briefly reviewed, and used to study phenomenology during ohmic operation, ion cyclotron

range of frequencies heating (ICRH), and lower hybrid current drive (LHCD). In addition

to broadening of Mo I emission regions in the outer divertor and main limiter during ICRH

compared to ohmic operation, mid-plane localized heating of the main limiter associated

with fast ion impact is observed which exceeds the divertor heat flux. During LHCD

operation, several localized regions of increased brightness associated with hot-spots are

interpreted as heating due to localized density peaking, which re-iterates the importance of

imaging continuum emission for subtraction. These sources of surface heating exacerbate

plasma-material interactions at the device wall and may require additional mitigation if

they cannot be avoided in future machines.

a)Electronic mail: atronchi@psfc.mit.edu; http://psfc.mit.edu/˜atronchi/
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I. INTRODUCTION

The spatially complex plasma-material interactions (PMI) in magnetic fusion devices

which can deposit excess heat and particle fluxes causing respective melting and erosion of

plasma facing components (PFC’s) requires the use of imaging diagnostics to understand

experimental operations. In future magnetic fusion devices, imaging diagnostics must over-

come difficulties which do not occur in many present machines.

Imaging diagnostics are increasingly deployed at present1,2 and future3,4 devices to observe

erosion, heating, and other key PMI phenomena5–8 which are often toroidally asymmetric. In

addition, imaging diagnostics will likely be used in future machines for realtime monitoring

and feedback control of PFC conditions9. In many modern tokamak experiments, visible

continuum emission is negligible compared to line emission over most of the experimental

view, so that subtraction is not necessary to infer the erosion source. High power and high

density experiments will have more substantial continuum sources however, pressing the

need to develop diagnostic techniques to separate continuum and line emission in imaging

diagnostics.

High Z (atomic number) refractory metals such as tungsten are under investigation as po-

tential PFC materials in fusion reactors due to their low erosion yields, high melting points,

and resistance to activation and damage from neutron fluence10–14. Molybdenum has similar

properties to tungsten for studies in a non-nuclear environment, but is an undesirable mate-

rial for reactors due to propensity for transmutation. Spectroscopic and imaging techniques

have been used to diagnose erosion of these materials, but deficiencies in atomic modeling15

limit their experimental application.

In steady state devices, actuators such as ion-cyclotron range of frequencies heating

(ICRH) and lower hybrid current drive (LHCD) are two potential heating and current drive

mechanisms16 as opposed to ohmic heating and current drive. During certain operating

conditions, these actuators have been observed to cause additional PMI9,17,18. Imaging di-

agnostics have also been beneficial for investigating these phenomena.

The Alcator C-Mod tokamak is the only United States experiment presently addressing

all of these topics. C-Mod is a compact device with high values of magnetic field, density,

temperature, and power/particle flux, all similar to projected reactor relevant quantities19–21.

The plasma-material interface at C-Mod is composed entirely of molybdenum, with the first
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ever vertical plate lower divertor, a toroidally continuous inner wall limiter, an outer wall

main limiter of limited toroidal extent, and several smaller limiter surfaces typically of

limited toroidal and poloidal extent for protecting antenna structures and other in-vessel

hardware. At C-Mod, an intensified charge injection device (CID) camera is installed and

used to monitor erosion and surface temperature of PFC surfaces during operation of ICRH

and LHCD. Design of this system and interpretation of observations are described in detail

in this article.

Section II describes the experiment layout. Interpretation of spectroscopic data is re-

viewed in section III. Initial results from the new camera diagnostic are presented and

discussed in section IV. Lastly, some implications of the observations and potential future

improvements to the diagnostic techniques are briefly discussed in section V. Two appen-

dices describe the camera system in detail and a quasi-emipirical determination of an S/XB

value respectively.

II. EXPERIMENT LAYOUT

This article describes first results from a charge injection device (CID) camera mounted

with an intensifier and narrow band interference filters, used to image continuum and atomic

line emission as discussed in section III. The camera is mounted roughly 2.5m from the

tokamak axis and 1m above the mid-plane to minimize exposure to hard x-ray radiation and

magnetic field. Radiation noise on the camera is generally undetectable in this configuration

at C-Mod, however the image is noticeably perturbed when vertical magnetic fields at the

camera exceed roughly 0.05T. Figure 1 shows the camera view which spans essentially four

distinct regions: the inner wall, the main (GH) limiter, and the outer part of the lower

divertor, with a heating antenna protection tile in the foreground. The camera system is

described in detail in appendix A.

A raw camera frame viewed through a narrow-pass interference filter centered at 550.6nm

during plasma startup in un-boronized conditions is also shown in figure 1. Since the plasma

is inner-wall limited during startup, strong emission is observed at the machine mid-plane.

Though most of the tiles on the main limiter are installed with thick boron coatings, some

emission is still observed there, probably due to molybdenum being re-deposited to the

limiter from other regions.
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FIG. 1. Above: A schematic of the camera view at Alcator C-Mod. ICRH antennas are shown in

red, and the lower hybrid (LH) launcher is shown in green. Below : Images through the camera

view with left : annotations and backlit spectrometer views, and right : an image recorded during

plasma startup.

Ultraviolet to visible range spectroscopy is achieved using a Chromex 250IS spectrograph

with a 600/mm grooved grating producing spectral dispersion of roughly 0.07nm per pixel.

This spectrometer has views of the main limiter from the same periscope as the camera

along roughly the same line of sight (shown backlit in figure 1), and also of the divertor

region.

The camera and spectrometer systems were absolutely calibrated by transfer from a

LPS-200 Labsphere with a URS-600 source. At the typical intensifier gain (50%) and gate

(18.8ms) settings used to obtain data, the camera is sensitive to band integrated radiances of

0.051−16.0µW/cm2sr. Thin boron deposits on optical surfaces in C-Mod can alter this cal-

ibration, so the data quantitatively discussed below were all selected near to the calibration

date to minimize boron accumulation between the experiment and post-calibration.

An array of fixed Langmuir probes22 are used to measure the electron temperature and

density at plasma facing surfaces. Densely packed probe arrays enable measurement of the
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spatially peaked temperature and density at the divertor strike points. Though the entire

inner wall is not spanned by a probe array, the highest two probes of the lower inner divertor

array (at the bottom of the inner wall) generally measure comparable signals. This indicates

a weak gradient along the inner wall, so these measurements are used to represent the entire

inner wall, assuming no gradients. While the main limiter is not directly instrumented with

probes, a set of probes are mounted on the lower hybrid launcher near the mid-plane and

recessed approximately 2mm behind the limiter. Interaction between these outer mid-plane

probes and strong RF potentials during ICRH causes strong fluctuation of the current-

voltage characteristic curves, making them useless for measurements during this time.

The Langmuir probes and camera and spectrometer views are generally toroidally spaced

from the observed surfaces, requiring that we assume toroidal symmetry of the measured

quantities. This assumption can be violated by the presence of homoclinic tangles23, however

these phenomena are not apparent in divertor region imaging for these experiments. RF

actuators can also cause toroidally asymmetric perturbations, so where any field aligned

signatures are observed we must discard this assumption.

These diagnostics are used in combination to observe the plasma-wall interactions in

C-Mod.

III. DATA INTERPRETATION

Light observed by the camera comes from a combination of mechanisms, including

atomic line emission and multiple sources of continuum emission: Planck emission, visible

bremsstrahlung, and molecular continuum. By separating the continuum sources from line

emission and considering the conditions in which various continuum sources will dominate

observed light, the surface erosion rate and temperature can be diagnosed as described

below.

A. Atomic line emission

Through various edge transport processes, hot plasma interacts with the first wall PFC’s

and sputters neutral atoms from the surface. These atoms are then excited primarily by

thermal electron impact from the same hot plasma, causing photon emission. In the follow-
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ing, we discuss how measurements of this emission are used for diagnosis of plasma-surface

interactions.

1. Molydenum line selection

Though the camera system itself is optimized for UV sensitivity, strong absorption below

about 400nm in the fiber bundle after modest radiation damage24 limits the lower wavelength

observable by the system, and low sensitivity of the intensifier photocathode above 800nm

establishes an upper bound. Neutral molybdenum has several lines in the visible wavelength

range, with line triplets commonly used for erosion studies near 390nm, 410nm, and 550nm.

While the 390nm lines are brightest, the lowest molybdenum reflectivity occurs there25, and

atomic modeling of the associated ground state transitions is accurate15, the low fiber bundle

transmission at that range limits the value of these lines for erosion imaging with the present

setup. The nearby 410nm lines are much lower intensity, and so also of limited value.

At 550nm, the line intensity is still moderately strong and the fiber bundle transmission

is as high as 35% before irradiation, so this triplet was determined most suitable given the

available equipment. Drawbacks of this selection include a greater reflectivity at visible

compared to UV wavelengths and stronger Planck emission for fixed temperature at longer

wavelengths. Atomic modeling for the metastable transitions associated with these lines is

more difficult and less accurate than modeling for better understood ground state transi-

tions. These are all issues that must be acknowledged for future devices, where the nuclear

environment will impose hard limits which data interpretation must accommodate, despite

the added complexity.

Interfering lines occur in this region due to at least nitrogen gas puffing (N II, 549.566nm),

which is used in some divertor studies26. Neither neon gas puffing at levels relevant for erosion

suppression experiments, nor argon gas puffing at levels needed to measure ion temperature

and rotation profiles27 appear to produce much interfering line emission. During tungsten

injections believed to result from the plasma edge interacting with Langmuir probes, only

minor neutral tungsten emission (W I, 551.468nm) was observed except during accidental

’killer’ injections. A lithium line (Li II, 549.5nm) also appears nearby which is only of

concern where lithium is used as an alternative to boron for wall conditioning (i.e. NSTX).

The 550nm molybdenum triplet and known interfering lines are shown in figure 2 for ref-
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erence. Based on these observations an interference filter with center wavelength at 550.6nm

was selected to image the desired Mo I line. A filter width of 1nm was selected to maximize

line emission throughput vs. continuum emission, and to reject spectrally nearby lines.

λ[nm]545 550 555 560

Fe
I

Fe
I

N
 II

W
 I

N
 II

N
 II

Fe
I

N
 II

N
e

I

Fe
I

M
o

I

M
o

I

Fe
I

Fe
I

N
 II

W
 I

N
 II

N
 II

Fe
I

N
 II

N
e

I

Fe
I

M
o

I

M
o

I

M
o

I
M

o
I

in
te

n
si

ty
[a

rb
]

line filter transmission

continuum filter transmission

line filter transmission

continuum filter transmission

FIG. 2. Spectral range data showing filter transmissions, molybdenum lines, interfering nitrogen

lines from the chromex visible range spectrometer at C-Mod. Line intensities are normalized to

the maximum for each spectrum.

2. Inferring erosion fluxes

Particle influx from the surface Γ can be inferred using the following expression28:

Γ = 4πI(S/XB) (1)

The absolutely calibrated camera system measures line intensity I in units of photons/cm2sr/s.

S/XB coefficients must be determined from either experiments or atomic modeling, and the

electron temperature and density at PFC surfaces across the field of view must also be

imaged somehow. Since discrepancies exist between atomic modeling and experimental

determination of some S/XB coefficients, an improved coefficient can be empirically deter-

mined as described in appendix B. In these experiments, no imaging temperature or density

measurement existed to calculate the S/XB coefficient, so the quantity 4πI = ΓMo/(S/XB)

is shown where appropriate.

B. Continuum emission

In the high density and high power conditions at Alcator C-Mod, continuum emission can

dominate atomic line emission along certain views. Visible bremsstrahlung (VB) from core
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impurities, molecular emission in the cold boundary, and Planck emission from hot plasma

facing components have all been observed, as shown in figure 3. These sources can exceed

line emission in some regions and circumstances, so continuum emission must be subtracted

from the line emission image. Since continuum sources can vary rapidly in both space and

in time, this subtraction is not as simple as measuring the resolved spectrum at a few points

to fit the continuum and line emission contributions, but requires separate imaging.

To interpret observed light as an eroded particle flux, these continuum sources must be

separated from atomic line emission. This is accomplished here by imaging a line-free region

spectrally adjacent to the atomic line of interest but close enough that the intensity can

be assumed similar. An interference filter with bandpass wavelength centered at 549nm

was selected for this purpose, with the same 1nm width to match the line emission filter, as

shown in figure 3. The two filters were switched between two sequential similar discharges to

record an image through both the line filter and continuum filter along the same optical view,

so that the two images could be subtracted to isolate Mo I emission. The various known

sources of continuum emission and their application for plasma diagnostics are discussed in

further detail below.

a) b) c)
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FIG. 3. Camera images through the 549nm continuum filter during periods when emission is

mostly dominated by a) VB, b) molecular emission, and c) Planck emission. Below are spectral

range data showing filter transmissions, molybdenum lines, and typical continuum observations.

Line intensities are normalized to maximum for each spectrum.
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1. Planck emission and inferring temperature

Thermography via radiated power is a well established technique29,30, with the in-band

spectral radiance at center wavelength λ, bandwidth ∆λ and temperature T described by

Planck’s law with isotropic black-body emissivity assumed:

BPl(λ) =
1

2π

2hc2

λ5
1

exp(hc/λ
kT

)− 1
∆λ (2)

Though clean molybdenum is known to have a low emissivity (∼ 0.2)31, boron and other coat-

ings which accumulate during operation tend to raise the emissivity, such that our inferred

temperatures should be taken as a lower bound. For typical camera settings, a negligible

contribution from Planck emission occurs for temperatures below 1330K, corresponding to

in-band radiance of about 0.1µW/cm2sr. Above about 1850K, the in-band Planck emission

radiance of 26µW/cm2sr will saturate the detector. At the 2896K molybdenum melting

point, the spectral radiance due to Planck emission in-band is 4.7mW/cm2sr, about three

orders of magnitude greater than typical signals. Planck emission dominates wherever and

whenever surfaces get hot enough, non-exclusively including leading edges of tiles and lim-

iters after a disruption as shown in figure 3c, at surfaces impacted by a substantial flux of

fast ions as discussed in section IV A, and at surfaces directly heated by absorbed RF power

as discussed in section IV B.

2. Bremsstrahlung emission

Electrons scattering off of ions in hot plasmas emit a broadband continuum due to visible

bremsstrahlung (VB), with the spectral radiance described by32

Bbr(λ) =

(
e2

4πε0

)3
cgff∆λ

λ2

∫
8πn2

eZeff
3m2

ec
3

√
2me

3πTe
e−

hc/λ
Te d` (3)

In typical C-Mod operating conditions, this emission is comparable to atomic emission for

views looking through any portion of the plasma core as shown in figure 3a. When VB dom-

inates other continuum sources, reflections are negligible, and the density and temperature

are well diagnosed i.e. via Thomson scattering, a fan from the observed emission can be used

as a diagnostic for the plasma effective charge state Zeff profile using an Abel inversion33.

9



3. Molecular emission

Excitation of rotational and vibrational modes of molecular deuterium in the cold plasma

boundary results in discrete line emission which has been well characterized34 and modeled35,

and can be used to measure the molecular particle flux36. In the spectral region of interest,

emission from several closely spaced molecular lines appears as a quasi-continuum. Volumet-

ric molecular D2 emission exceeds atomic Mo I emission only at high density (ne > 1020/m3)

operation. In well boronized conditions when molybdenum emission is strongly suppressed,

molecular emission contributes primarily near leading edges of limiters and views tangential

to the inner wall and other PFC surfaces, as shown in figure 3b. Since molecular emission

only appears at the highest densities and most camera views also look through the plasma

core, VB emission generally dominates molecular emission.

IV. INITIAL RESULTS

This new camera setup is now used to gain insight into the operation of radio frequency

heating and current drive systems at Alcator C-Mod.

A. Erosion and localized surface heating during Ion cyclotron heating

Two ion-cyclotron range of frequency heating (ICRH) antenna systems exist at C-Mod.

One is toroidally aligned (TA)37 similar to installations at most other machines, which

exerts a substantial component of electric field parallel to the magnetic field. Another is

magnetic field aligned (FA)38 in order to minimize the parallel component of the electric

field. In the discharges discussed below BT = 5.1T and Ip = 1MA. The TA antennas were

operated at 80MHz and the FA antennas were operated at 50MHz, delivering a combination

of hydrogen and helium-3 minority species heating and mode conversion heating depending

on the electron temperature and density, and minority species density.

Two color erosion imaging data during ICRH operation is shown in figure 4, where the

line and continuum filters were switched between two similar discharges. Frames from three

times are shown: the ohmic phase, operation of the FA ICRH antennas, and simultaneous

operation of both the FA and TA antennas. The scene is shown at each time as viewed

through each filter separately, as well as the subtraction of the two images, representing
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isolated neutral molybdenum atomic line emission. In the subtracted images, color is mapped

to an inferred molybdenum erosion flux divided by the S/XB value: ΓMo/(S/XB) since an

image-wide measurement of the electron density and temperature was not possible.

In the ohmic phase, the continuum filtered image reveals a diffuse emission from the

plasma core region associated with VB, and a slight emission increase towards the active

divertor interpreted as molecular deuterium emission. In the isolated line emission image,

bright spots along the inner wall near the mid-plane and a stripe along the outer strike point

in the divertor are the sole features in the image, consistent with the prior result that these

regions represent the peak molybdenum emission during ohmic operation39.

During the FA ICRH phase, the continuum image is spatially similar to the ohmic phase.

Continuum brightness is observed to increase, consistent with enhanced VB due to accumu-

lation of eroded molybdenum into the plasma core during ICRH operation40. The isolated

line emission image shows spatially localized emission increase compared to ohmic operation

in a broad region along the upper shelf of the outer divertor and at the mid-plane of the

main poloidal (GH) limiter. Increased brightness is expected to occur due to a combination

of increased power due to ICRH operation, and also fast ion impact41 on limiter surfaces.

During the combined FA and TA ICRH phase, a bright hot spot appears on the main

limiter. Though both camera images saturate in the hot spot, a co-incident spectrome-

ter view of the region observes a strong gradient continuum consistent with a black-body

Planck spectrum for a 1615K surface temperature, as shown in figure 5. Compared with

the relatively unchanged divertor heat flux and temperature, these observations reveal the

importance of monitoring the entire wall to avoid missing unexpected interaction points.

In each of the phases described above, inferring a sputtered molybdenum flux from the

neutral molybdenum line brightness measured by the camera requires a separately measured

electron temperature and density to specify the appropriate S/XB value. Since we do not

have an imaging measurement of the electron temperature and density to match the camera

data, we must use the fixed Langmuir probes which were described above, and from which

relevant measurements are tabulated with their associated S/XB coefficients in table I.

The resulting maximum observed erosion flux values at the inner wall range from ΓMo =

5.5×1014/cm2s during ohmic operation, 2.7−6.4×1015/cm2s during FA ICRH, and 0.79−

1.9 × 1014/cm2s during FA and TA ICRH. At the outer divertor, maximum erosion fluxes

ranged from ΓMo = 2.7 × 1015/cm2s during ohmic operation, 5.2 × 1015/cm2s during FA
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ICRH, and 8.6× 1015/cm2s during FA and TA ICRH.

Though the Mo I emission increased at the main limiter during ICRH operation, the

ICRH interferes with mid-plane Langmuir probe measurements. The maximum erosion

flux observed during ohmic operation was ΓMo = 9.1 × 1013/cm2s. The peak spectral

line brightnesses at the main limiter increase from I = 6.1 × 1012/cm2sr/s during ohmic

operation, to 1.5 × 1013/cm2sr/s during FA ICRH, to 4.6 × 1013/cm2sr/s during FA +

TA ICRH. Since we have no electron temperature and density measurements during ICRH

at the mid-plane, by assuming that the electron density and temperature increase or stay

the same as in ohmic operation, the maximum erosion flux will also then increase. This

apparent increase of erosion during ICRH operation is consistent with prior observations

from C-Mod42 and ASDEX43. In addition to the increase of maximum erosion flux, the

poloidal extent of erosion flux also appears to increase.

time 0.45s 0.85s 1.02s

Inner wall ne 5× 1016 8× 1016 1017

Te 20 30-50 30-50

S/XB 2.2 4.4-10.5 4.4-10.5

Main limiter* ne 1018 – –

Te 15 – –

S/XB 1.2 – –

Outer divertor ne 5× 1019 1020 1020

Te 30 30 40

S/XB 6.0 8.0 13.0

TABLE I. Measurements of electron density in m−3 and temperature in eV taken by Lang-

muir probes in the various regions observed by the camera, taken at the same time as the

frames in figure 4. S/XB coefficients corresponding to these measurements from the ADAS file

sxb93#mo llu#mo0.dat are also shown. *Data from the main limiter was measured in a separate

experiment under similar core conditions as those shown.

The mid-plane hot spot is also confirmed via thermocouples which reveal a peak of
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shot-integrated energy deposition on the limiter at the same location, as shown in figure

6. Dividing the shot integrated peak limiter energy deposition by the FA + TA ICRH

time on, we obtain an average power deposition of 70MW/m2. Energy deposited on the

limiter empirically scales like fast ion loss, generally increasing as PICRH/ne increases (see

figure 6), or Ip decreases (not shown). While thermocouple and point-view spectroscopic

measurements of this limiter heating previously existed, these new camera measurements

contribute time and space resolved observations of the limiter heating. This reveals the

toroidal and poloidal extent of limiter heating as shown in figure 4, which was not previously

possible.

As shown in figure 5 for the two present shots comparing the time histories of line and

continuum intensity measured from a point viewed by the spectrometer and camera, the two

measurements generally agree within error bars. This example serves to prove the principle

of separating line and continuum emission in an imaging diagnostic, but uncontrollable dif-

ferences between the two sequential tokamak discharges contraindicate use of this technique

for highly quantitative measurements unless simultaneous two-color imaging is used.

Fast ion impact at the mid-plane of the main limiter is believed to cause the observed hot

spot during ICRH operation. ICRH is known to cause fast ion generation41, and modeling

has revealed that fast ion orbits are elongated in the major radial direction44, which can

intersect mid-plane limiters at sufficiently high energies. At Tore-Supra, a similar mid-plane

surface heating associated with fast ions was observed9, though this phenomenon is distinct

from hot spots on antenna limiters associated with rectified RF sheaths45.

B. Localized surface heating during lower hybrid current drive

Lower hybrid current drive (LHCD) is one potential non-inductive steady-state current

drive technique for a tokamak16. Experiments at C-Mod have demonstrated strong single

pass absorption of LH power and high total current drive fractions in scenarios with total

current in the range Ip = 400 − 800kA, line averaged densities of n̄e ∼ 6 − 8 × 1019/m3,

and for LH power of 800kW as evidenced by the low inductive loop voltage necessary to

maintain current in the shots shown in figure 7. Bright spots appear on the main limiter

during LHCD, consistent with Planck emission from hot spots observed by spectrometer

views coincident with these locations in the camera view. Temperatures in the hot spots
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generally remain within the camera detection limits (i.e. < 1850K). The strongest hot spots

are observed to move up the limiter as plasma current is increased, following a magnetic

field line mapping of the four LH launcher waveguide rows to the main limiter almost on

the opposite side of the tokamak, as indicated by the circles shown in figure 7. Similar

observations have been made at the JET, Tore-Supra17, and EAST18 tokamaks.

Several potential limiter heating mechanisms due to LHCD include direct heating by

partially reflected RF power, fast electrons generated in the scrape-off layer (SOL), and

poloidal electron density peaking, all of which are discussed below.

The RF ray-tracing code GENRAY46 was used to determine that the LH wave resonance

cones do not intersect the limiter surfaces, as shown in 8. GENRAY modeling shows that

the 15% of wave power launched in the co-current (+n‖) direction absorbs via electron

Landau damping after a 90◦ toroidal transit, while the remaining 85% launched in the

counter-current (−n‖) direction propagates for many toroidal transits while damping on the

electrons and does not exit the plasma along an alignment to the magnetic field. Several

smaller hot-spots also observed on the limiter and lower divertor are possibly due to heating

from −n‖ LH power scattered around the vessel, as suggested to occur by simulations47.

These observations stand in contrast to observations of high-harmonic fast-wave heating at

NSTX48, where RF power flows along magnetic field lines in the SOL.

Previous studies have suggested that a small fraction of LH power can generate fast

electrons during the transit across the scrape-off layer (SOL) into the plasma core17,49.

While such fast-electrons accelerated in the SOL could contribute to limiter heating, the

low electron temperature in the SOL suggests that only a vanishingly small fraction of wave

energy would accelerate electrons in this region, so limiter heating due to this mechanism is

expected to be negligible50.

Previous studies at Alcator C-Mod have identified convective type electron density peak-

ing in front of the LHCD waveguide rows51,52. Such density peaking in the SOL would

persist along magnetic field lines from the waveguides, and would result in a proportional

increase of heat flux at the limiters, so this mechanism is believed to primarily cause the

observed heat flux.
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V. DISCUSSION

Having identified these sources of heating and erosion during RF actuation, it is worth

considering how they might be mitigated for future operations. In some cases, heat fluxes

estimated to exceed 70MW/m2 are incident on the limiter. While tolerable in a pulsed

machine like C-Mod, heat flux this high would melt molybdenum or tungsten tiles in a

steady state burning plasma experiment, where alpha particle impact with the limiter could

cause even higher heat fluxes. Operating at high plasma current and density will help to

reduce heat flux due to ICRH generated fast ions, but due to their higher overall energy

compared to ICRH fast ions, fusion alpha orbits will be even more radially pronounced at

the mid-plane and may require other mitigation approaches. In a larger reactor with similar

fields, we would expect the ICRH orbit effects on PFCs to be less pronounced.

The fast ion heat flux to the main limiter is particularly exacerbated by the extremely

limited toroidal extent and poloidal profile of the limiter. Building a more toroidally ex-

tended mid-plane limiter could also help to spread out heat flux if the fast ion sources cannot

be otherwise mitigated. Either plasma shaping or limiter contouring could be attempted to

reduce the observed poloidal peaking of the erosion and heat fluxes on the main limiter and

inner wall. Where machine features must be placed close to the plasma, such as the ICRH

and LHCD antennas, it may be preferable to install these above or below the mid-plane, or

even on the inner wall, so that the fast-ion heat fluxes can be avoided.

While imaging diagnostics are powerful in their spatial coverage, they remain limited by

some supporting measurements. For example, interpreting a particle erosion from surfaces

across the full field of view requires electron density and temperature measurements also

across the full field of view. Mapping of fixed Langmuir probe data to the camera view

requires interpolation and an assumption of toroidal symmetry, which can be violated in

the presence of modest error fields or other plasma boundary perturbations53. An imaging

measurement of plasma temperature and density at surfaces would be more robust, and may

be possible in future studies using helium line ratio techniques and appropriate interference

filters54,55.

In this study, use of the bright UV neutral molybdenum emission was prohibited by

our imaging system design which uses a coherent imaging fiber bundle with weak trans-

mission at UV wavelengths. A nuclear environment such as a burning plasma device will
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have neutron flux sufficient to rapidly reduce transmission even in the visible wavelength

range in the glass24 used in such fiber bundles beyond the point of efficacy for plasma di-

agnosis. Though special low-impurity radiation hardened glasses can minimize this effect,

implementing periscopes which use reflective optics such as those at JET56 and DIII-D57 is

probably a better long term solution.

The technique of switching filters between similar shots is extremely limiting in the wave-

length space which can be inspected, and is susceptible to substantial error due to minor

variations between subsequent shots. Simultaneous imaging of multiple spectral bands is

desirable, especially for a realtime diagnostic, and could be realized with image splitting

techniques. Using an appropriate set of image splitters, light recorded from line emission

and nearby continuum of neutral molybdenum and appropriate helium lines could produce

the necessary data for imaging diagnostics of electron temperature and density, molyb-

denum erosion, surface temperature, and even effective charge state profiles from visible

bremsstrahlung. This and other56 systems of multiplexed diagnostics will also help mini-

mize the needed diagnostic port space, and maximize neutron blanket area.
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Appendix A: Camera system design

The camera system is similar to those previously deployed at DIII-D58,59, with some

alterations. As shown in figure 9, light exits C-Mod through a glass window to a re-entrant

periscope port and enters a Marshall 4306.5-1.5 F0back = 6.5mm f/1.5 miniature lens with

focus set to F0front ∼ 1m, mounted to a 3 meter Schott IG-154 coherent imaging fiber

bundle. Before the 2012 experimental campaign, the bundle transmission at 550nm was
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measured to be 0.5 and after the campaign it had reduced to 0.3 due most likely to radiation

damage24. After routing through the bundle, the image projects through a Computar V2514

F1back = 25mm f/1.3 1 inch C-mount format lens with focus set to F1front =∞. A custom

interference filter selects a narrow spectral band of interest, which is then received by a

Fujinon CF50B F2back = 50mm f/1.4 1 inch C-mount lens with focus set to F2front =∞. In

the CIDTEC I3710DX9 camera, light is amplified by an integrated Photonis XX1450UV 2nd

generation hybrid intensifier with an S-20 photocathode and a P43 phosphor, which finally

illuminates the CID sensor. Total effective throughput (etendue) per pixel is approximately

1.5× 10−6cm2sr.

The final image size projected on the sensor is determined by the magnification of the

two lenses and the fiber taper as

M =
F2back
F1back

Mtaper (A1)

For the present system with F1back = 25mm, F2back = 50mm, and Mtaper = 5/8, the

effective magnification is M = 5/4. This produces a projected image height of 5mm, which

occupies roughly 83% of the full sensor height.

The interference filter transmission wavelength band is shifted slightly due to an effective

angle of incidence θ = atan(r/F1back) for pixels away from the optical axis according to

∆λ = λ0

(
1−

√
1− n2

0

n2
f

sin2θ

)
(A2)

For the present system: the normal filter transmission center wavelength λ0 = 550.7nm,

filter index of refraction nf = 2.05, air index n0 = 1, back focal length F1back = 25mm, and

the furthest pixel distance orthogonal to the optical axis r = 2.83mm, the wavelength shift

is ∆λ = 0.81nm. This shift may be reduced if desired by choosing a lens with a larger back

focal length F1back.

Appendix B: Empirical S/XB determination

The S/XB coefficient is determined by the ratio of ionization (S) to excitation (X) rates

for a particular excited state divided by the branching ratio (B) for a specific transition

from that state, which are specific to the atomic emission observed, and generally a strong

function of electron density and temperature. The S/XB values shown in figure 10 are not
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resolved in the quantum number J representing the total angular momentum of the electron,

so the effective value for a single line of the triplet must be calculated as

(S/XB)eff = (S/XB)
(2S + 1)(2L+ 1)

(2J + 1)
(B1)

where the multiplicative factor has been tabulated in table II for the 550nm Mo I triplet.

Note that the statistical weights are appropriately normalized.∑
J

(2J + 1)

(2S + 1)(2L+ 1)
= 1 (B2)

λ (nm) upper level lower level L S J (2S+1)(2L+1)
2J+1

550.649 z5P 0
1 a5S0

2 1 2 3 15/7

553.305 z5P 0
2 a5S0

2 1 2 2 15/5

557.045 z5P 0
3 a5S0

2 1 2 1 15/3

TABLE II. This table shows atomic configuration data relevant to the 550nm Mo I triplet lines61,62.

Accounting for the statistical weight, the average energy per photon, and assuming typical

electron density and temperature (ne = 5×1019/m3, Te = 10eV ), the associated S/XB value

from ADAS is about 4.2. Typical camera settings then correspond to a molybdenum erosion

flux sensitivity in the range of ΓMo = 1.2× 1013 − 3.0× 1015/cm2/s.

Calculated S/XB coefficients from the Atomic Data and Analysis Structure (ADAS)

have known discrepancies with experimentally measured values exceeding an order of

magnitude15,60 for the 550.6nm line of interest. Atomic modeling of the S/XB for ground

state n = 1 transitions, such as the 390.2nm Mo I emission, is much more accurate and

consistent with experiments than for higher n, potentially metastable transitions, such as

the 550.6nm Mo I emission. For this reason, an empirical coefficient for the 550.6nm line is

desired.

At C-Mod, both the 390.2nm and 550.6nm molybdenum emissions were observed near the

outer divertor strike point in sequential experiments with similar operating conditions using

the Chromex spectrometer system. A fixed Langmuir probe at roughly the same poloidal

location, but toroidally distant, was used to measure the electron temperature and density.

By assuming that the molybdenum erosion flux is identical in both experiments shown in

figure 11, the following expression is derived:

(S/XB)550.6nm = (S/XB)390.2nm
I390.2nm
I550.6nm

(B3)
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Substituting the better validated 390.2nm S/XB from ADAS, and the experimentally de-

termined line intensity ratio over a range of densities and temperatures observed at C-Mod

(from figure 11), the empirical S/XB is determined as shown in figure 10. The measured

electron density and temperature are low-pass filtered to match the 10.8ms spectrometer in-

tegration time. The resulting empirical S/XB values have a similar discrepancy with ADAS

values as prior studies at low temperature and density, but tend toward agreement with

ADAS at higher temperatures.
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